INTRODUCTION
Positrons are the antiparticles of electrons produced in nuclear reactions. When a 22 Na source undergoes β + -decay, it emits positrons in all directions with energies ranging from 0-545 keV [1] . The diffusivity of these positrons is not advantageous for positron beams used in a variety of applications from precision material measurements and medical science, to energy storage [1] . By surrounding the nuclear source with a suitable moderator material, the energy range of the positrons can be moderated to a useable and defined energy range. The efficiency of positron source utilization, the ratio of utilizable low-energy positrons to positrons produced from a nuclear source, is currently less than 1 % [2] .
The quantum mechanical nature of solidified hydrogen holds the potential to increase the moderator efficiency an order of magnitude over solid neon-the current leader in moderator efficiency. Three important characteristics of positron interactions are necessary to characterize solid hydrogen as a moderator material: 1) the positron affinity, 2) the positron work function, and 3) the positron-positronium branching ratio. A cryostat must be designed to investigate these key properties of solid hydrogen in order to justify in-depth studies.
The cryostat must produce a solid hydrogen plane perpendicular to the positron beam in order to test aforementioned characteristics. The cryostat design is constrained by the sublimation pressure of the solid hydrogen target exceeding the vacuum pressure of the positron accelerator, space and power limitations within the laboratory, and the ability to control hydrogen crystal growth and quality. The preliminary design of this cryostat is the focus of this paper.
APPARATUS DESIGN
The primary design constraints on the cryostat are the power limitations within the laboratory, the available space inside the positron accelerator chamber, and the ability to control hydrogen crystal growth and quality. Liquid helium heat exchangers were chosen for cooling the hydrogen over a more convenient cryocooler due to power limitations inside the Center for Materials Research (CMR) laboratory. A liquid helium storage tank does not require power for operation, while additional power would have to be supplied to operate a cryocooler. Gamma rays produced during positron moderation experiments enable positron lifetimes to be measured. In order to obtain precise and accurate measurements of the positron lifetimes, gamma detectors must be positioned close to the moderating material; therefore greatly reducing the available space for the test section. Since the sublimation pressure of the solid hydrogen target, which ranges from 8.40x10
-10 bar at 4.2 K to 7.04x10 -2 bar at 13.8 K, exceeds the vacuum pressure of the positron accelerator, 1.33x10 -9 bar to 1.33x10 -12 bar, the solid hydrogen must be grown inside a chamber within the test section [3] . The chamber will allow for annealing of the hydrogen crystal to remove any defects that may have been produced during the deposition process. A sliding shield will be retracted to expose the solid hydrogen target to the incoming positron beam and surrounding vacuum pressure.
The cryostat, shown in FIGURE 1, is designed to fit within the positron accelerator chamber and interface with the high purity germanium (HPGe) gamma detectors and their liquid nitrogen cooling tanks. The space allocated for the test section in the chamber, a DN160CF 6-way cross, is confined to a 55 mm width centered between two HPGe gamma detectors with 100 mm diameters. A DN160CF (8 in.) flange is positioned at the top of the cryostat for connection to the 6-way cross. The flange consists of four feedthroughs: two for the hydrogen and helium tubes, one for the sliding shield, and one for the electrical connection of the cartridge heater and thermometers. Located above the test section are two counter-flow heat exchangers that utilize liquid helium to cool the hydrogen to solidification. The test section, along with the second heat exchanger, is positioned inside a radiation shield to prevent radiative heat transfer to the cooled hydrogen. The cryostat utilizes a counter-flow heat exchanger, seen schematically in FIGURE 2, that cools the hydrogen from 300 K to 77 K in the first stage by heat exchange of helium entering at 45.7 K. In the second stage, the hydrogen is further cooled to 14 K through heat exchange of helium entering at 13.8 K. The heat exchanger design is constrained by the pressure drop associated with the helium flow, the required mass flow rates of the hydrogen and helium, and the size limitations of the cryostat. The effectiveness-NTU analysis was used to determine the preliminary starting points for the design. Since the thermal properties of the fluids and heat exchanger materials change significantly with temperature, the effectiveness-NTU analysis, which uses averaged properties, cannot provide dependable and accurate predictions; thus a numerical model was developed to account for the temperature-dependent properties within the heat exchanger. This numerical model is very similar to one presented more completely in an analysis of a hydrogenic pellet production system [4] .
The heat exchanger is comprised of two equal sized copper tubes soldered together and wound in a helical formation to fit within the parameters of the test chamber. The heat exchanger is divided into N segments; each segment consists of three control volumes: the hydrogen stream, the heat exchanger wall material, and the helium stream, respectively.
The enthalpy of hydrogen, ݅ , , is determined by the temperature and pressure of the hydrogen flowing through the control volume. Since these are both relatively small across the control volume, the enthalpy can be expressed as the product of the specific heat capacity at constant pressure ܿ , and the temperature of the fluid, ܶ , . The specific heat capacity of hydrogen is determined as a function of temperature fit to the specific heat capacity curve of equilibrium hydrogen [5] . By utilizing the equilibrium heat capacity curve, the energy release from orthohydrogen to parahydrogen conversion is accounted for. An energy balance on the hydrogen control volume leads to:
where ݉̇ is the mass flow rate of the hydrogen, h h,i is the local convective heat transfer coefficient, p is the inner perimeter of the tube, x i is the axial spacing of the nodes, and T m,i is the temperature of the material node. An energy balance on the material control volume leads to:
where A c is the cross sectional area of the material in the axial direction and k m,i is the thermal conductivity of the heat exchanger material evaluated at the average temperature of the respective material nodes. The energy balance on the helium control volume is: The boundaries of the heat exchanger material are assumed to be adiabatic. The temperatures of the hydrogen and helium streams entering the heat exchanger are T h,i = 300 K and T c,N = 13.8 K, respectively. The system of equations, (1), (2) , and (3), is solved using Engineering Equation Solver (EES) with these boundary conditions [6] .
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The length of the heat exchanger and the helium pressure drop are the primary constraints on the design of the heat exchanger. The axial length of the cryostat is fixed; therefore the heat exchanger length is determined by the tubing diameter. The helium pressure drop is dependent upon the tubing size and the helium mass flow rate. As the mass flow rate of helium increases, the pressure drop inside the tubing increases. The increase in the helium mass flow rate is paralleled by an increase in the hydrogen mass flow rate in order to maintain the rate of heat transfer necessary to produce 14 K hydrogen at the outlet. The helium within the heat exchanger was warmer than the melting temperature of the hydrogen at the outlet pressure. This is done to prevent freezing of the hydrogen to the wall of the heat exchanger. FIGURE 3 details the cooling of the hydrogen along the length of the heat exchanger.
The helium pressure drop was calculated from the Pipeflow function of EES [6] . From the analysis, the model determined that a 1.65 mm inner diameter tubing (1/8 in specification size) would produce the most reasonable mass flow rates while not sacrificing a significant pressure loss.
Normal hydrogen consists of a 3:1 ratio of two separable forms: orthohydrogen and parahydrogen, which are directly related to the nuclear spin of the hydrogen atom. The presence of orthohydrogen can be hazardous to the production of solidified hydrogen. At low temperatures, orthohydrogen has the ability to convert to parahydrogen, generating heat that can melt the solidified hydrogen around it. This melting of the hydrogen crystal can cause grain defects in the solid, leaving the solidified hydrogen with an opaque brown-black appearance [7] . Positrons tend to migrate toward defects in solids where they are annihilated; this is not conducive to positron moderation. Therefore a catalyst is used to convert the orthohydrogen to parahydrogen before it reaches the growth chamber. To convert the normal hydrogen to parahydrogen the second heat exchanger, which is designed similar to the first, will be packed with activated Fe 2 O 3 powder, an orthohydrogen to parahydrogen conversion catalyst. As the normal hydrogen flows through the heat exchanger, the paramagnetic centers of the catalyst will induce the nuclear spin of the orthohydrogen to switch and become parahydrogen. The conversion efficiency of orthohydrogen to parahydrogen increases as the temperature approaches absolute zero. To utilize this, the conversion heat exchanger will cool the hydrogen from a temperature of 77 K with a concentration of ̴ 25% parahydrogen, to 14 K with a concentration of ̴ 99.9% parahydrogen. The copper shield will be wrapped in an MLI blanket to further reduce the radiative heat load. At 14 K and 0.071 bar, the gaseous hydrogen will then be deposited into the crystal growth chamber seen in FIGURE 4.
The solid hydrogen target will be grown via deposition into a growth chamber below the triple point temperature for hydrogen. The pressure drop in the heat exchanger was controlled to ensure that the hydrogen enters with a sublimation temperature below the triple point. This growth of solid parahydrogen near the triple point temperature will result in larger and fewer crystallites; thus greatly reducing optical scattering [7] . The growth chamber, a 10 mm diameter, 6.35 mm deep well, is located inside the front face of a horizontal cylindrical copper boss. A sliding glass shield is positioned in front of the exposed surface of the solidified hydrogen. A G10 fiberglass rod connected to the glass shield extends out of the top flange of the cryostat to allow for manual operation of the sliding shield.
In order to adequately cool the test cell, a copper tube with liquid helium flowing through it is spiraled around the end of the cell. To maintain the temperature of the growth chamber at 13.8 K, a cartridge heater will be placed concentrically in the back of the horizontal cylindrical boss. Using a Cernox TM thermometer positioned on the surface of the test cell above the growth chamber, we will be able to adjust the heater accordingly to maintain the desired temperature. To prevent unwanted radiative heat transfer from warming the test cell, a copper radiation shield with an MLI blanket will be placed around the cell in connection with the radiation shield covering the second heat exchanger. Once the hydrogen crystal is completely grown within the chamber, there arises difficulty in determining its presence due to the extremely low refractive index, 1.130 at 514 nm, of the solid [8] . To account for this quality of solidified hydrogen, we have bored a cylindrical well into the back of the growth chamber and placed and LED light along with a glass shield to separate the solid. The light will pass through the glass illuminating the solid hydrogen for visual verification.
FUTURE TESTING & CONCLUSION
The preliminary design of a solid hydrogen target cryostat for positron moderation studies was presented. A numerical heat transfer model was utilized to size the heat exchangers required to prepare the hydrogen for solidification within the test chamber. Construction of the test chamber is tentatively planned for 2011-2012. A subsequent publication of the overall system performance will be presented once completed. After the system has been fully vetted, it will be inserted into the positron accelerator chamber for testing. The positron affinity, work function, and positron-positronium branching ratio for solid hydrogen will be measured during the experiment. These preliminary measurements will be used to justify advanced studies of the efficacy of solid hydrogen as a positron moderator.
